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Abstract 
Hydrogen adsorption in gold nanocontact electrodes in electrochemical solution is 
experimentally discerned. This is performed with gold nanocontact conductance 
histograms in an electrochemical environment in which both the electrochemical 
potential and the electrolyte type are varied. Different salts, acids, and hydrogen 
peroxide electrolytes are studied. Salts and acids exhibit at negative electrochemical 
potentials different fractional quantum conductance histograms peaks associated to 
extra stable structures due to H adsorption while these peaks do not appear for H2O2 
where electron transfer between solution and electrodes occurs without hydrogen 
formation or hydrogen adsorption on the gold electrode.. 
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1. Introduction 
Conductance quantization of metal nanocontacts mechanically formed at RT is a field of 
considerable interest. Largely studied in UHV [1-2], air [3-5] or immersed in lubricants 
[6], there has been considerably fewer works of quantized conductance in 
electrochemical environments [7-13]. In these experiments, different reactions (i.e. 
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adsorption or desorption of molecules or ions) at the metal surface can take place and be 
controlled by the electrochemical potential of the nanocontact relative to a reference 
electrode in the electrolyte. At positive potentials, well-defined peaks at integer 
multiples of the quantum unit of conductance G0 (2e2/h) are observed in the 
conductance histograms of Au (much like in air or vacuum), while under the hydrogen 
evolution reaction (negative potentials), a well-defined fractional conductance peak 
appears near 0.5G0 [7-13]. A half quantum peak was firstly reported to our knowledge 
in non electrochemical environments when the histograms were obtained for a bias 
voltage in the non-linear regime [14] and its origin was attributed to a symmetric 
voltage drop along the constriction [15]. In electrochemical environments, different 
mechanisms (i.e. hydrogen incorporated wire, hydrogen adsorption, dimerized wire, 
electron scattering by impurities and defects) have been proposed to explain the 0.5G0 
peak in the histogram, however, the actual origin is not clear at present although the 
hydrogen adsorption is the most accepted model. On the other hand, theoretical studies 
of the evolution of mechanical and transport properties of hydrogen contaminated Au 
monoatomic chains [16-18] suggest that the presence of adsorbed atomic impurities 
reduce significantly the conductance (from 1G0 for the clean Au monoatomic chain to 
values between ~ 0.1-0.7G0 for that contaminated) depending on the particular 
adsorption configuration, number of hydrogen atoms adsorbed and chain length. In this 
work we present conductance measurements of Au nanocontacts formed at room 
temperature in several electrolytes and under different electrochemical potentials. The 
marked differences between neutral (salts), acidic, and hydrogen peroxide electrolytes, 
and positive and negative electrochemical potentials are tentatively explained, 
demonstrating an important approach to understand electrochemistry at the nanoscale. 
 
2. Experimental 
A custom-made scanning tunneling microscope (STM) is used to form and break the 
contact between two Au polycrystalline electrodes (99.9% purity) at room temperature. 
This is achieved by a voltage ramp, typically ± 50V at 1 Hz, fed to a piezoelectric with 
an elongation constant of ~ 13µm/V. The experiments are performed with the Au 
electrodes in an electrochemical cell. Figure 1 shows a schematic view of the 
experimental setup. The electrochemical potential of the Au electrodes is controlled 
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using a bipotentiostat (Autolab PGSTAT302) with an Ag/AgCl reference electrode. A Pt 
wire is used as a counter electrode. The electrolytes used in the studied are 0.1M 
NaClO4, 0.1M KCl, 0.1M HClO4, 0.5M HClO4, 0.1M HCl,  0.1M HNO3, 0.05M H2SO4 
and 0.09M H2O2. Except at the contact region the Au electrodes are coated with 
insulating paint to reduce ionic conduction. The current in the Au nanowire, at 100mV 
bias voltage, is measured using a current-voltage (I-V) converter with 105 gain and a 
500MHz oscilloscope (LeCroy waveRunner 6050). All experiments are also performed 
at 50 mV bias, with identical conductance results. For each electrochemical potential, 
the nanocontact breakage conductance histogram is constructed with hundreds (over 
1000) of consecutive unselected conductance traces. 
 
Fig.1. Schematic view of the experimental setup. RE: reference electrode, WE: working electrode, CE: 
counter electrode. 
 
3. Results and discussion 
Fig.2a shows the cyclic voltammogram (CV) of Au electrodes in the 0.1 M NaClO4 
solution (neutral solution, pH~7). Four different regions can be identified. Firstly, the 
hydrogen evolution region at potentials more negative than ~ -1V, where the 
electrochemical reduction of water is taking place,  
2H2O + 2e- → H2(g) + 2OH−     (1) 
since the pH of the solution is around neutral. It is important to highlight here that 
although this is the general reaction that takes place (1), it consists of different steps. In 
the first of which adsorbed hydrogen is formed from the reactants (H2O) according with 
the reaction for neutral medium: 
H2O + M +e- → Hads-M + OH-    (1.a) 
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where M is the electrode metal atom (Au in this work). This process is often called the 
Volmer reaction. The adsorbed hydrogen atom (Hads) can react to molecular hydrogen 
according to Tafel reaction (1.b) or Heyrovsky reaction (1.c). Molecular hydrogen is 
formed and released from an electrolyte as a gas bubble.  
Hads + Hads → H2 ↑     (1.b)  
Hads + H+ + e- → H2  ↑    (1.c) 
Secondly, a current plateau region between -1V and +0.4V, where current is controlled 
by the diffusion or mass transport of the electroactive species to the working electrode. 
This flux is independent of the applied potential and no electrochemical reaction takes 
place. Thirdly, the electrode oxidation region at potential more positive than ~ 0.4V, 
where the electrochemical oxidation of gold surface takes place according to the 
following reactions: 
Au + xH2O → AuOx + 2x H+ + 2x e−   (2.a) 
 
or 
Au + xH2O → AuOHx + x H+ + x e−    (2.b) 
 
And, finally the anodic evolution of oxygen takes place at higher potentials >1V. The 
rate-controlling process is probably the oxidation of water molecules on the surface of 
the electrode covered with surface oxide according with the general equation:  
2H2O→O2 ↑+ 4H+ + 4e-    (3) 
 
This general reaction again consists on different steps: 
H2O(ads)→ OH(ads) + H+ + e     (3.a) 
This is followed by a fast reaction, either 
2OH(ads)→ O(ads) + H2O    (3.b) 
or 
OH(ads)→O(ads) + H+ + e     (3.c) 
and, finally, 
2O(ads)→O2 ↑      (3.d) 
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Fig. 2. a) Cyclic voltammogram of Au electrodes in 0.1M NaClO4. Conductance histograms of Au 
nanocontacts in this electrolyte at electrochemical potential: b) -1.2V, c) -0.6V, d) 0.5V, e) 0.9V, and f) 
selected conductance traces of Au nanocontacts at an electrochemical potential of -1.2V. 
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Figures 2b to 2e show the conductance histograms of Au nanocontacts in selected 
electrochemical potential regions. At -0.6 V (in the current plateau of Fig. 2a) the 
histogram shows peaks near integer values of G0, and some small shoulders at fractional 
values of G0 for G>1G0. As the potential increases and reaches the electrode oxidation 
region (0.5 and 0.9V, Fig.2d-2e) the background continuously increases. At 0.5V the 
peaks at integer values of G0 become skew at the lower conductance tail. For potential 
values in the hydrogen evolution region (-1.2V, Fig.2b) a small and broad peak appears 
between 0.3-0.6G0 that not is present in the other regions, and the peaks at integer 
values of G0 become sharper. Well-defined conductance plateaus are observed between 
0.3 and 0.6G0 (see Fig.2f), although in few conductance traces, hence the low intensity 
of this peak in the histogram. Some of the conductance traces exhibit switching between 
two conductance plateaus (e.g. between 1G0 and 0.5G0, 0.5G0 and 0.3G0). Similar 
results are obtained for other salts like 0.1M KCl with pH~7. 
Fig.3a shows the cyclic voltammogram of Au in the 0.1 M HClO4 solution (pH~1) 
where a high concentration of H3O+ ions exist. The hydrogen evolution in acid medium 
proceeds at potentials more negative than ~ -0.3 V. It is produced by the reduction of 
hydronium according to this general reaction:  
2H3O+ + 2e- → H2(g) ↑ + 2H2O     (4) 
The gold oxidation proceeds at potential more positive than 0.8V and the oxygen 
evolution proceeds at potential more positive than 1V in the same way as in the salt 
solution described above. Fig.3b to Fig.3e show the histograms of Au nanocontacts in 
this electrolyte at selected values of the electrochemical potential. At -0.2V, 0V and 
0.5V (current plateau in the CV, Fig. 3d, 3e and 3f) the histograms show peaks near 
integer values of G0, and some peaks at fractional values of G0 towards the negative 
electrochemical potential region. Near to the hydrogen evolution region (-0.2V, Fig. 3d) 
there is an evident peak at 0.3G0. Towards the gold oxidation region (0.5V, Fig. 3f) no 
fractional peaks are observed. Also peaks at integer values of G0 are asymmetric, 
showing a fall less abrupt at the lower conductance side, and a slight shift from the 
integer values of G0 (e.g., the first peaks occur at 1G0 for -0.2V, at 0.94G0 for 0V and 
0.93G0 for 0.5V). On the other hand, when the potential becomes more negative in the 
hydrogen evolution region (-0.3 and -0.5V, Fig.3b and Fig.3c) more fractional peaks 
appear  than  the  one  at  -0.2V  (i.e.,  0.2-0.4G0,  0.6G0,  0.8G0,  1.6G0,  1.8G0).  To  our  
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Fig. 3. a) Cyclic voltammogram of the Au electrodes in 0.1M HClO4. Conductance histograms of Au 
nanocontacts in this electrolyte at electrochemical potentials: b) -0.5V, c) -0.3V, d) -0.2V, e) 0V, f) 0.5V, 
and g) selected conductance traces of the Au nanocontacts in 0.1M HClO4 at electrochemical potential of 
-0.5V. 
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knowledge this is the first time that such structure of fractional peaks is reported in 
electrochemical environment when the electrochemical potential is in the hydrogen 
evolution region. Figure 3g shows some conductance traces at electrochemical potential 
of -0.5V that present plateaus at 0.8G0 and 1.7G0 as examples of the fractional 
conductance values that appear in this region. The maximum number of peaks 
previously reported in acid solutions was 2 (at 0.1 and 0.5G0 [11]); some of our 
conductance curves also show conductance plateaus around 0.1G0, but no peak appear 
in the histograms due to the overlapping in the region near zero. Also the peaks at 
integer values of G0 are not so well defined and the background increases. The latter 
appears to be due to the overlapping between integer peaks and the growing number of 
different fractional peaks as the electrochemical potential becomes more negative. 
These results suggest that the number and position of the peaks at fractional values 
depend on the concentration of H3O+ in the solution in the hydrogen evolution region, 
as their number and intensity increase towards more negative electrochemical potential 
values. Also, the different values of G0 could be related with the different H species on 
the gold electrode, as shown on equations (1.a-1.c). 
This hypothesis is confirmed by the results of measurements where i) the HClO4 
concentration is increased (an electrolyte with 0.5M HClO4 (pH~0.3) and ii) by similar 
results obtained using acid solutions with the same concentration, but different anions 
(HNO3, HCl, H2SO4). The latter rules out any other possible contribution of anion 
absorption on the gold surface. For all sets of measurements non-integer conductance 
peaks appear in the histogram at negative electrochemical potentials, in particular at 
0.3G0 and the peaks at integer values of G0 are asymmetric at positive electrochemical 
potentials.  
In the hydrogen evolution region two main processes occur that could a priori affect the 
gold conductance: i) hydrogen evolution though the Volmer-Heyrovsky mechanism 
(reactions (1.b and 1.c)) which implies the absorption and diffusion of hydrogen atoms 
in the nanocontact area, with possible formation of a hydride, and ii) electron transfer 
from the gold electrode to the solution. In order to study which of those effects is 
responsible for the fractional conductance, a solution containing 0.09M H2O2 was used 
as electrolyte in the conductance experiments. In this solution, the reduction of H2O2 at 
pH ~4.7 takes place according to the general reaction for acid media: 
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H2O2 + 2H3O+ + 2e- → 4H2O     (5) 
 Thus electron transfer occurs without hydrogen formation
 
or hydrogen adsorption on 
the gold electrode. In this case, the gold conductance histogram at electrochemical 
potential of -0.4V (Fig. 4b) shows no fractional conductance values in the 0.3-0.6G0 
region. This confirms that fractional conductance values at negative electrochemical 
potentials are the result of the hydrogen formation, diffusion and adsorption, but no to 
the electronic transference from the electrode to the solution. To the best of our 
knowledge this is the first clear experimental observation of this fact. The cyclic 
voltammogram of the gold electrodes in this solution is shown in Fig. 4a. 
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Fig. 4. a) Cyclic voltammogram of gold electrodes in 0.09M H2O2 and b) conductance histogram of Au 
nanocontacs in 0.09M H2O2 at electrochemical potential of -0.4V. 
 
This result helps to understand the results obtained for acid and salts shown in Figures 2 
& 3. At lower hydrogen concentrations (like in the salt electrolytes) only a peak at 
fractional conductance, 0.3-0.6G0, of low intensity is observed. That seems to indicate 
 10
that some hydrogen atoms are interacting in the monoatomic gold chain/nanocontact, 
creating stable structures, that are slightly different and have conductances less than 
1G0. In the acidic solutions, where the hydronium concentration is higher, the peak at 
0.3G0 increases in height and also peaks at larger conductance values appear (i.e. 0.8G0, 
1.6G0 among others), see fig. 3c, 3d. This is a consequence of more hydrogen adsorbed 
in the nanocontact, producing more stable structures that have different fractional 
conductance values. At larger negative electrochemical potentials, the histogram peaks 
lose resolution due to the widening because of an increased overlap with non integer 
conductance peaks, see fig. 3b, noticeable also as an increase of the histogram 
background. It cannot be discarded also an effect due to the increase in H2 gas, 
producing bubbles that might affect the nanocontact mechanical stability. The switching 
effect observed in some individual conductance traces at negative electrochemical 
potential can be the result of the existence of two adsorbed hydrogen atoms prior to their 
recombination to form H2.  
Csonka et al. [19] have obtained gold histograms in a high vacuum chamber where 
molecular hydrogen has been introduced, and found a low-conductance tail in the 
histogram (between 0.05 and 0.7 G0) where usually a low intensity peak near 0.5G0 is 
also superimposed on this low-conductance tail. On the other hand, theoretical 
investigations [16-18] have studied the interaction between monoatomic gold chains 
(1G0 conductance) and hydrogen in molecular form, quasi-dissociated, dissociated and 
atomic, finding different configurations that reduce significantly the conductance. The 
calculus of Barnett [16] indicate that when the hydrogen is incorporate in the 
monoatomic gold chain the conductance is reduced considerably (G<0.1G0 for two 
hydrogen incorporated and zero for a single hydrogen). While the calculus of Jelínek 
[17-18] consider the adsorption of one or more hydrogen in the chain resulting in 
conductance values ranging from ~0.1 to 1G0 depending on the position and/or 
orientation of the hydrogen adsorbed in the gold monoatomic chain. These theoretical 
results suggest that the fractional conductance values for G>0.1G0 are the result of 
hydrogen adsorption and not by the incorporation of hydrogen in the nanocontacts. The 
histograms presented in this work obtained in the hydrogen evolution region using the 
salts (pH~7) are similar to those reported in a hydrogen environment. The low intensity 
of the peak we observe at 0.3-0.6G0 suggests the formation of structures such as those 
proposed by Jelínek et al. [17,18], but with low probability due to the low concentration 
of hydronium in this solution. This is also the reason that the peak at 1G0 is still the 
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most prominent, because pure gold chains are statistically preferred. The other peaks at 
integer conductance quantum values do not seem to be affected significantly (the 
histogram is similar to the one in UHV or in air except for the peak at 0.3-0.6G0). This 
suggests  that a hydrogen atom adsorbed in the surface of nanocontacts of a cross 
section larger than one atom does not affect much its conductance. However, using acid 
solutions (pH ≤1) in the hydrogen evolution region increases considerably the amount 
of hydrogen formation and this produces an increase in the intensity of the fractional 
peaks observed when compared with pH neutral solutions. It is also reasonable to 
assume that the probability of adsorption of several hydrogen atoms on the contact 
increases, producing conductance values not observed in the pH neutral solution, not 
only for G<1G0, but also for G>1G0 peaks since peaks at 0.8 and 1.6G0 can be observed 
when working at potentials at the beginning of the hydrogen evolution region (see Fig. 
3c). A more negative electrochemical potential further increases the number of different 
structural configurations of the gold nanocontacts with several hydrogen adsorbed. Each 
of these configurations will have associated a different fractional value of conductance. 
This could explain that the peaks of the histogram lose definition and raise the 
background (see Fig. 3b). Our results differ from previous reports of gold conductance 
in neutral solutions that show a well defined peak at about 0.5G0 at negative 
electrochemical potentials [7,10-13], but usually of much larger intensity than the ones 
observed in hydrogen environment, and from those in acid solutions that show two well 
defined peaks at 0.1 and 0.5G0 [11,12]. We performed experiments with different salts 
and acids, also with different bias (50 and 100mV) and the results are the same as those 
reported here. The biggest difference between our experiments and those previously 
reported is the retraction speed of the tip in order to create the Au nanocontacts (~104 
nm/s in our experiments, while in the previous reports is the order of 50 nm/s).
 
It is 
possible that this difference in the retraction rates may be the responsible of these 
discrepancies, but further studies are needed to establish this hypothesis. 
Although our results point in the direction of an electrochemical gold nanowire 
conductance mainly dictated by hydrogen adsorption, some theoretical calculations 
might be necessary to distinguish adsorption effects from indirect effects like a 
mechanical deformation affected by a charged nanocontact environment. In reference 
[20] it was proposed that a non-symmetric voltage drop would lead to fractional 
conductance peaks in the histogram whose value depends on the amount of voltage drop 
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at each “lead”. It could be speculated that a different charging of the leads in the 
electrochemical environment would favour an asymmetry in the voltage drop. 
Finally, for both pH~7 and pH≤1 solutions at positive electrochemical potentials near 
and on the electrode oxidation region, the gold nanocontact conductance histogram 
exhibits only peaks at integer values of G0. They are asymmetric, showing a less abrupt 
fall on the left side and a light shift to the left from the integer values of G0, see fig 2d & 
3f . Thijssen et al. [21] have performed measurements of gold nanocontact conductance 
in a controlled atmosphere of O2. The histograms reported at 40K and in vacuum after 
letting O2 in the chamber (fig.2b in ref. 21) show a displacement of the peaks towards 
the left of the integer values (in particular the peaks at 2 and 3G0) and also the peak at 
1G0 becomes skew. The analysis of their results concludes that the oxygen atoms are 
incorporated in the Au chains reinforcing them. Besides, other theoretical works 
[18,22,23]  have predicted that oxygen atoms when inserted in gold chains form not only 
stable, but also very strong bonds, forming long monoatomic chains. Moreover, the 
calculations suggest that this can take place without modifying the conductance of the 
chain [22]. Our results, at the positive electrochemical potentials described above (i.e., 
0.5V in fig.2d), suggest that the oxygen atom incorporates in the gold nanocontact, but 
the structures formed have conductances that produce no appreciable differences with 
the ones reported in air or in UHV regarding the peak positions. A certain amount of 
disorder could explain a slight displacement to the left of the peaks and that they 
become skew [24,6]. For larger positive potentials (>0.9V in the salt solution, fig. 2e) 
the background of the histogram rises, probably due to the rapid oxidation of the gold 
surface and the starting of the oxygen evolution region,
 
and fractional peaks appear. At 
these potential values the electrodes show a dark layer after the experiments, due to 
strong electrochemical oxidation of gold.  
 
4. Conclusions 
The appearance of a subquantum structure in the gold nanocontact conductance 
histograms in an electrochemical environment is related to the formation of stable 
structures with hydrogen adsorbed. This is demonstrated with gold nanocontact 
conductance histograms in an electrochemical environment, in which both the 
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electrochemical potential and the electrolyte are varied. Salts and acids exhibit at 
negative electrochemical potentials different fractional quantum conductance 
histograms peaks associated to extra stable structures due to H adsorption while these 
peaks do not appear for H2O2 where electron transfer between solution and electrodes 
occurs without hydrogen formation or hydrogen adsorption on the gold electrode. 
The presented results suggest a gold nanowire conductance mainly dictated by 
adsorption and by the detailed electrochemical reactions at the nanocontact, and could 
open an important experimental approach to understand electrochemistry at the 
nanoscale. 
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